The chloroplast genome usually has a quadripartite structure consisting of a large 2 single copy region and a small single copy region separated by two long inverted 3 repeats. It has been known for some time that a single cell may contain at least two 4 structural haplotypes of this structure, which differ in the relative orientation of the 5 single copy regions. However, the methods required to detect and measure the 6 abundance of the structural haplotypes are labour-intensive, and this phenomenon 7 remains understudied. Here we develop a new method, Cp-hap, to detect all possible 8 structural haplotypes of chloroplast genomes of quadripartite structure using 9 long-read sequencing data. We use this method to conduct a systematic analysis and 1 0 quantification of chloroplast structural haplotypes in 61 land plant species across 19 1 1 orders of Angiosperms, Gymnosperms and Pteridophytes. Our results show that there 1 2 are two chloroplast structural haplotypes which occur with equal frequency in most 1 3 land plant individuals. Nevertheless, species whose chloroplast genomes lack inverted 1 4 repeats or have short inverted repeats have just a single structural haplotype. We also 1 5
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The chloroplast genome usually has a quadripartite structure consisting of a large 2 single copy region and a small single copy region separated by two long inverted 3 repeats. It has been known for some time that a single cell may contain at least two 4 structural haplotypes of this structure, which differ in the relative orientation of the 5 single copy regions. However, the methods required to detect and measure the 6 abundance of the structural haplotypes are labour-intensive, and this phenomenon 7 remains understudied. Here we develop a new method, Cp-hap, to detect all possible 8 structural haplotypes of chloroplast genomes of quadripartite structure using 9 long-read sequencing data. We use this method to conduct a systematic analysis and 1 0 quantification of chloroplast structural haplotypes in 61 land plant species across 19 1 1 orders of Angiosperms, Gymnosperms and Pteridophytes. Our results show that there 1 2 are two chloroplast structural haplotypes which occur with equal frequency in most 1 3 land plant individuals. Nevertheless, species whose chloroplast genomes lack inverted 1 4 repeats or have short inverted repeats have just a single structural haplotype. We also 1 5
show that the relative abundance of the two structural haplotypes remains constant 1 6 across multiple samples from a single individual plant, suggesting that the process 1 7 which maintains equal frequency of the two haplotypes operates rapidly, consistent 1 8 with the hypothesis that flip-flop recombination mediates chloroplast structural 1 9 heteroplasmy. Our results suggest that previous claims of differences in chloroplast 2 0 genome structure between species may need to be revisited. Chloroplasts are organelles which are vital for photosynthesis. Most land plant 3 6 chloroplast genomes are 120 -160 kb in size (1, 2), and have a quadripartite structure 3 7 consisting of a pair of identical rRNA-containing inverted repeats (hereafter referred 3 8 to as IR) of ~10-30kb divided by a large single copy (LSC) region of ~80 -90 kb and a 3 9 small single copy (SSC) region of ~10-20 kb. 4 0 4 1 Surprisingly, chloroplast genomes can exist two structural haplotypes differing in the 4 2 orientation of single copy regions (3). The presence of this structural heteroplasmy 4 3 has been confirmed in some land plants (3-6) and algae (7, 8) We searched the National Center for Biotechnology Information (NCBI) Sequence 1 3 7
Read Archive (SRA) database, and selected 90 land plants species which met our 1 3 8 length and data amount requirement (see Materials and Methods) to analysis (Dataset 1 3 9 S1). Two of these species (Herrania umbratica and Siraitia grosvenorii) lacked 1 4 0 suitable chloroplast reference genomes, so we therefore assembled these two 1 4 1 chloroplast genomes de-novo (see Materials and Methods For these 90 species, we obtained adequate long-read sequencing data to assess 1 4 9 chloroplast genome structural heteroplasmy for 61 land plants species. Across all 61 1 5 0 species, we find just three structural haplotypes ( Fig. 1 In this study, we develop a new method to detect and quantify structural 1 6 9 heteroplasmies in the chloroplast genome. By applying this method to a broad range 1 7 0 of plant species including representatives from Angiosperms, Gymnosperms and 1 7 1
Pteridophytes, we show that of the large number of possible structural haplotypes, 1 7 2 only a very small number are observed in nature. For example, species with IRs 1 7 3 almost universally contain the same two structural haplotypes in ratios that do not 1 7 4 depart significantly from 50/50. The only exceptions to this are species in which the 1 7 5
repeats are not inverted (e.g. one of the Pteridophytes in our dataset), or in which the 1 7 6
repeats are inverted but much reduced in length (e.g. both of the Gymnosperms in our 1 7 7 dataset). In these species, we detect just one haplotype. Our results demonstrate not 1 7 8 only that the relative abundance of the two most common haplotypes stable across the 1 7 9
Angiosperm tree of life (i.e. all 58 Angiosperms in our dataset had a frequency that 1 8 0 was not different from 50/50), but that it also stable within an individual plant (i.e. 1 8 1 within a single large plant, all sampled leaves contained both haplotypes at a ratio that 1 8 2 was not different from 50/50). This suggests that the process which maintains the 1 8 3 equal frequencies of the two commonly-observed haplotypes operates relatively 1 8 4 rapidly. The most parsimonious interpretation of our results suggests that structural 1 8 7 heteroplamsy should be extremely common across all angiosperms. In light of this, it 1 8 8 may be necessary to re-examine many previous suggestions of structural differences 1 8 9
New long-read sequencing methods such as those developed by Oxford Nanopore can 2 6 7 routinely sequence single DNA molecules of 10s of kb in length. These molecules can 2 6 8 be used to provide direct evidence for the existence and relative abundance of a large 2 6 9 range of chloroplast genome haplotypes. Furthermore, long-reads from the chloroplast 2 7 0 genome are often highly abundant in plant genome sequencing projects, because the 2 7 1 chloroplast genome is typically present in copy numbers at least two orders of 2 7 2 magnitude higher than the nuclear genome (27, 28) . Thus, most whole genome 2 7 3 sequencing projects of plant provide abundant information for quantifying chloroplast 2 7 4 structural haplotypes. Here, we describe a simple approach that uses this long-read 2 7 5 sequencing data to estimate and quantify chloroplast structural haplotypes. We call 2 7 6 this approach the Cp-hap pipeline, and provide open source code and detailed 2 7 7 1 6
instructions for running this pipeline on GitHub at https://github.com/asdcid/Cp-hap. The Cp-hap pipeline consists of three steps: (i) create a fasta file that contains all 2 8 0 haplotypes of interest; (ii) map the long-reads to the potential structures in step (i); (iii) 2 8 1 use the results of step (ii) to quantify the relative abundance of all possible haplotypes. Below, we describe each of these steps in more detail. Step (i) requires us to create a fasta file containing all of the structural haplotypes of 2 8 5 interest. To create a list of all possible haplotypes from the LSC, SSC, and IR regions, 2 8 6 we first consider that each of these regions can have four different orientations: 2 8 7 original, reversed, complement, and reverse-complement ( Fig. S3A ). This results in 2 8 8 256 possible structural haplotypes (256 = 4x4x4x4) in which the regions retain the 2 8 9 ordering conserved across plant chloroplast genomes of LSC-IRA-SSC-IRB. These 2 9 0 256 haplotypes can be grouped into 128 identifiable structures, since it is not possible 2 9 1 to distinguish between one structure and its direct complement given the two-stranded 2 9 2 nature of the DNA molecule. To uniquely identify one of these 128 structures, a single sequencing read would need 2 9 5 to cover at least some parts of all four regions (LSC, SSC and the two IR regions), for 2 9 6 which the read would need to be at least 30-50 kb. This is because to cover all four 2 9 7 regions, at a minimum a read must entirely cover the SSC (~20 kb) region and one IR 2 9 8 region (10-30 kb) and at least partially cover the LSC region and the other IR region. But the abundance of reads of this length tends to be relatively low in most datasets, 3 0 0 meaning that in most cases it is almost impossible to uniquely identify one of the 128 3 0 1 possible structures by simply mapping a read to each structure. To reduce the length of long-reads required to uniquely identify chloroplast structural 3 0 4 haplotypes, the Cp-hap pipeline assumes by default that the two large repeat regions 3 0 5 are always inverted. When assuming that the IR regions are always inverted, there are 3 0 6 only 32 uniquely identifiable chloroplast genome structural haplotypes ( Fig. S1 ). In 3 0 7 this situation, a read only needs to entirely cover one IR region and partially cover the 3 0 8 two adjacent LSC and SSC regions to provide evidence to uniquely identify one of the 3 0 9 32 structures ( Fig. S3B ). Because of this, this approach can provide direct evidence 3 1 0 for one of the 32 possible structures using reads that are just 10-30 kb in size (i.e. at 3 1 1 least as long as the length of a single IR region). Reads of this length are often highly 3 1 2 abundant in long-read datasets, meaning that the default Cp-hap method is readily 3 1 3 applicable to many long-read datasets being produced today. 3 1 4 3 1 5
In Step (i), the default Cp-hap pipeline creates a fasta file of the 32 possible structural 3 1 6 haplotypes when assuming that the IRs are inverted by simply combining the LSC, 3 1 7 SSC and IR region sequences with different orientations. After creating each 3 1 8 structural haplotype, we then duplicate and concatenate it, such that single reads 3 1 9 which span the point at which the genome was linearised will still align successfully 3 2 0 to the relevant haplotype in the fasta file. This creates a fasta file with 32 sequences, 3 2 1 each of which represents one of the 32 uniquely identifiable chloroplast structural 3 2 2 haplotypes, and each of which contains a sequence that is twice as long as the 3 2 3 chloroplast genome of interest. 3 2 4 3 2 5
In step (ii) of the pipeline, we align our long-reads to our reference set of 32 possible 3 2 6 structural haplotypes with Minimap2 (29), using "-secondary=no" setting to ensure 3 2 7 that only the best alignment for each read is retained. After aligning all long-reads to 3 2 8 the set of 32 possible structural haplotypes, we examine each mapped read, and retain 3 2 9 only those that completely cover a whole IR region and at least 1 kb of the adjacent 3 3 0 LSC and SSC regions. We then consider that these reads, which we term valid reads, 3 3 1 uniquely identify one of the 32 possible structural haplotypes. In step (iii) of the Cp-hap pipeline, we calculate the relative proportion of each of the 3 3 4 32 possible haplotypes. To do this, we simply divide the number of valid reads that 3 3 5 aligned to each of the haplotypes by total number of reads that aligned to all 3 3 6 haplotypes. These proportions provide direct estimates of the relative abundance of all 3 3 7 32 uniquely identifiable chloroplast genome structural haplotypes. However, we acknowledge that the IR regions are not always the case. For example, tamariscina chloroplast genome (20) . In cases such as this, Cp-hap pipeline is also 3 4 2 able to figure out the structure. Here, we provide an example that how Cp-hap 3 4 3 pipeline confirms a chloroplast genome with atypical structure, such as a paired of 3 4 4 in-line repeats (Fig. S3C ). Since Cp-hap duplicates and concatenates all default 32 3 4 5 structures (with IRs), reads from chloroplast genome with in-line repeats are able to 3 4 6 map to Block A and/or C region of LSC_IR_SSC_IRrc structure (one of the 32 default 3 4 7 structure in Cp-hap pipeline), or Block B region of LSC_IRrc_SSC_IR structure (the 3 4 8 other default structure in Cp-hap pipeline). Those reads are impossible to map to 3 4 9
Block B region of LSC_IR_SSC_IRrc, or Block A or C region of LSC_IRrc_SSC_IR. In sum, Cp-hap pipeline can provide direct evidence to identify one of the 32 3 5 5 chloroplast structural haplotypes with a pair of IRs, and provide indirect evidence to 3 5 6 identify other 96 chloroplast genome structural haplotypes with a pair of non-inverted 3 5 7
repeats. We used the Cp-hap pipeline to assess chloroplast genome structural heteroplasmy 3 6 2 across the plant tree of life. To do this we searched for publicly available long-read 3 6 3 data from land plants in the NCBI SRA database (https://www.ncbi.nlm.nih.gov). We 3 6 4 only selected datasets in which the average read length was >9 kb and for which the 3 6 5 2 0 total amount of sequence data was >5Gb. 90 of the 164 potential species with datasets 3 6 6 met this requirement in April, 2019. For the 90 species, 19 of them do not have available chloroplast reference genomes. 3 6 9
Due to the relative conservation of land plant chloroplast genomes, we used the 3 7 0 chloroplast genome in the same genus as the reference genome for 17 species (Dataset 3 7 1 S1). For the final two species, Herrania umbratica and Siraitia grosvenorii, we 3 7 2 assembled and annotated chloroplast genomes de novo using long and short-reads 3 7 3 (Dataset S1) following the pipeline described in (30). The chloroplast genome of 3 7 4
Herrania umbratica and Siraitia grosvenorii have been depostied in NCBI 3 7 5 (MN163033 and MK279915). Full details of the reads, accession numbers, and chloroplast genomes used for each of 3 7 8 the 90 species in our dataset are given in Dataset S1. For the 90 species for which we have long-read data, we ran the Cp-hap pipeline 3 8 2 using default settings to generate the 32 possible haplotypes from the LSC, SSC, and 3 8 3 IR regions. We then ran the rest of the Cp-hap pipeline with default settings for all 3 8 4 species, resulting in measurements for each species of the number of valid reads that 3 8 5 mapped to each haplotype, and the relative abundance of each haplotype. We 3 8 6 calculated the relative abundance of each haplotype only if the species had more than 3 8 7 five valid reads in total. This filter led to us excluding 29 datasets that did not have 3 8 8 more than five valid chloroplast reads, resulting in a final dataset of 61 species for 3 8 9
which we have sufficient long-read data to estimate relative haplotype abundance. For the Eucalyptus pauciflora dataset, we quantified the chloroplast structural 3 9 2 haplotypes not only for a single individual, but also for eight separate samples taken 3 9 3 from different branches of the same individual. This was possible because this data 3 9 4 was sequenced from leaves collected from eight different branch tips from a single 3 9 5 individual plant, and each sample contained sufficient long chloroplast reads to 3 9 6 provide reliable haplotype quantification. This provides a unique opportunity to 3 9 7 understand whether the relative abundance of chloroplast structural haplotypes varies 3 9 8 or remains constant within an individual, potentially providing insights into the 3 9 9 mechanisms which lead to the existence of multiple haplotypes. Although our method can detect a large number of structural haplotypes, across all of 4 0 3 the species we examined with inverted repeats, we observed three haplotypes, 4 0 4 haplotypes A, B, and C (Fig. 1) . 4 0 5 4 0 6
Because no species contained more than two haplotypes, we used a binomial test to 4 0 7 ask whether the abundances of haplotype A and B differ from a 1:1 ratio in each 4 0 8 species, or in each individual sample in the case of Eucalyptus pauciflora. A 4 0 9 significant result from a binomial test suggests that the observed haplotype 4 1 0 abundances are unlikely to be explained by an underlying 1:1 ratio of chloroplast 4 1 1 structural haplotypes. In addition, since we have data for eight different branch tips of a single Eucalyptus 4 1 4 pauciflora individual, we used two additional approaches to test for differences 4 1 5 between samples. First, we used a chi-square test to ask whether the abundances of 4 1 6 the two haplotypes differ among samples. Second, we tested for phylogenetic signal 4 1 7 among the relative abundance of haplotypes observed in the eight branch tips. To do 4 1 8 this, we used the structure of the physical tree (with branch lengths in units of relatively slowly with respect to the age of this individual, which is roughly 40 years, 4 2 6 then we might expect haplotype frequencies to vary due to genetic drift, and thus for 4 2 7 the haplotype frequencies in neighbouring parts of the tree to be more similar than 4 2 8 would be expected by chance. This similarity would be revealed by the detection of 4 2 9 significant phylogenetic signal in the relative abundance data. However, if the process 4 3 0 that generates the different haplotypes operates very quickly with respect to the age of 4 3 1 this individual, then we would expect all haplotype frequencies to be roughly equal, 4 3 2 and thus we would expect to observe no phylogenetic signal in the haplotype 4 3 3 abundance data. We thank the help of Chen Han in the statistical analysis. We also thank the people 4 3 7 below for providing data: Xuzhi Chao (for Selaginella tamariscina data), Hongyan ) . 5 3 4 5 3 5 5 3 6 (IR) regions. The arrow denotes 5'-3' orientation. psbA is in the minus strand of LSC 5 4 3 region, whereas rrn23 is in the plus strand of IR regions. ndhF is in the minus strand 5 4 4 of SSC region, while ccsA is in the plus strand of SSC region. For ease of 5 4 5 communication, we use the relative order of three genes (psbA in LSC, and ndhF and 5 4 6
Figure Legends
ccsA in the SSC) to label these two haplotypes 'A' and 'B'. In haplotype A, these 5 4 7
genes are ordered psbA-ndhF-ccsA. In haplotype B these genes are ordered 5 4 8
psbA-ccsA-ndhF. For haplotype C, these three genes are ordered the same as 5 4 9
haplotype A, but the repeat regions are in-line rather than inverted. 5 5 0
